P ostoPerative cerebrospinal fluid (CSF) leakage is a major surgical complication in spinal surgery. It is critical to prevent CSF leakage, especially after surgery for spinal intradural lesions. Several sealing materials have been proposed as adjuncts to sutured dural closures to reduce the potential for adverse events, such as infection, and to lower the risk of pseudomeningocele formation. However, CSF leakage is not always prevented during these procedures. Compared with the intracranial region, the spinal region is a narrower operative field, and the dura mater is thinner and more fragile; 17 hence, meticulous dural suturing can be impossible after intradural procedures.
vascular anastomosis and reconstruction in December 1993 and for dural closure in 1996.
Animal studies using nonpenetrating titanium clips for duraplasty have demonstrated significantly less inflammation, lower levels of reaction to foreign bodies, and fewer meningoneural adhesions than those with penetrating needles and sutures. 11 However, no published experimental or clinical studies have described the usefulness of nonpenetrating titanium clips for the prevention of postoperative CSF leakage. We have applied this clip to closure of the dura mater following surgery to remove intradural spinal lesions. This is the first experimental study to investigate the utility of nonpenetrating titanium clips in the prevention of postoperative CSF leakage.
The purpose of this study was to evaluate the leakage pressures and patterns associated with nonpenetrating titanium clips by using a simple model that mimicked spinal surgery. In addition, we describe our surgical experience with these clips and the follow-up results in 31 consecutive patients.
methods

Nonpenetrating titanium clips
Nonpenetrating titanium clips (vessel closure system [VCS] clip; LeMaitre Vascular Inc.) are produced for the reconstruction of tubular organs, including peripheral arteries, veins, and the biliary tract. The technical and biological advantages of nonpenetrating titanium clips have been described previously. 3, 5, 6, 8, 20 Scanning electron microscopy shows that the clip tips do not completely close; consequently, no suture holes are created (Fig. 1) . The clip applicator allows repetitive suturing using 20 preloaded clips (Fig. 2 ).
experimental Study: initial leakage pressures during pressure leakage tests We designed experiments to estimate the water pressures that could be tolerated by sutured expanded polytetrafluoroethylene (ePTFE) sheets (Flex USCI ePTFE sheet, USCI Japan Ltd.). Our experimental device consisted of a plastic cup filled with water, which contained a 30-mmdiameter hole, a digital manometer, and a pressure syringe connected by a tube to the water cup (Fig. 3) . The size of the hole, which was 30 mm, was considered to mimic the length of 1 vertebra. The top of the plastic cup was covered with ePTFE sheets that were sutured with 2 materials, namely, the nonpenetrating titanium clips that were placed at intervals of 2 mm or ePTFE running sutures (Gore-Tex suture CV-5, Japan Gore-Tex Inc.) that were placed at intervals of 2 mm (Fig. 4) . To minimize leakage from the needle holes created during dural suturing, the ePTFE sutures were prepared with a needle to thread ratio of 1:1. The leakage pressures were measured for 2 different leakage patterns using the ePTFE sutures and the nonpenetrating titanium clips.
We measured the leakage pressures for each suture group using pressure leakage tests (n = 14 tests for each group). The leakage patterns from the leakage points in each group were simultaneously observed in detail.
The mesh-and-glue technique has been described for the prevention of postoperative CSF leakage, 9 and similar techniques have been reported by other authors. 4, 16 This method involves the use of an absorbable polyglycolic acid (PGA) mesh (Neoveil, Gunze Limited) soaked in fibrin glue (Beriplast P, CSL Behring), and in this study, the mesh was placed on and used to seal the suture lines in the ePTFE sheets (Fig. 5 ). This method is effective at reinforcing the suture lines. 9 We investigated the efficacy of this method when it was used with intermittently placed VCS clips. The suture line consisting of the nonpenetrating titanium clips was covered with the absorbable PGA mesh soaked in fibrin glue, and we investigated the leakage pressures at 5 minutes, 30 minutes, and 12 hours.
clinical Study: patient population and Surgical technique
Thirty-one patients with spinal intradural lesions, including 24 with neurinomas, 3 with meningiomas, 2 with perimedullary arteriovenous fistulas, and 2 with tethered cord syndrome associated with spinal lipomas, were surgically treated, and the edges of the dura maters were approximated using nonpenetrating titanium clips at our hospital between July 2013 and August 2014. After the intradural procedures, the dura maters were sutured with the clips under the operative microscope using the mesh-andglue technique. All of the patients underwent MRI within 2 weeks of the operation to check for CSF leaks. 
Statistical analysis
The data were compared using the ANOVA technique, and Tukey's procedure was used for the post hoc analysis. All statistical analyses were performed using the IBM SPSS software version 20 (IBM Corp.). A p value < 0.05 was considered statistically significant.
results experimental Studies
Leakage Pressure Measurements
The mean (± standard deviation) water pressures that could be sustained without leakage were 16.7 ± 6.3 mm Hg in the ePTFE suture group and 252.0 ± 101.2 mm Hg in the nonpenetrating titanium clip group. A significant difference was apparent between the 2 groups, with the nonpenetrating titanium clip group showing a leakage pressure that could be sustained and was 1508% higher than that of the ePTFE suture group (p = 0.001; Fig. 6 ).
When the nonpenetrating titanium clip suture line was sealed using an absorbable PGA mesh soaked with fibrin glue, the mean leakage pressures were 297.5 ± 26.7, 279.0 ± 52.9, and 449.7 ± 65.4 mm Hg at 5 minutes, 30 minutes, and 12 hours, respectively. No significant differences were evident between the leakage pressures at 5 and 30 minutes. The differences between the leakage pressures at 5 minutes and 12 hours and at 30 minutes and 12 hours were statistically significant (p = 0.001 for both comparisons; Fig. 7 ). After 12 hours, the leakage pressure associated with the use of the clips combined with the mesh-and-glue technique was 180% higher than the leakage pressure of the control model that did not use the mesh-and-glue technique (p = 0.001).
Analysis of the Leakage Patterns During the Pressure Leakage Tests
The leakage patterns were observed when the sutures in the ePTFE sheet were not covered with fibrin glue and PGA. The nonpenetrating titanium clips did not make any suture holes in the ePTFE sheet, and fluid leakage occurred between the clips (Fig. 8 left) . In the ePTFE suture group, the fluid leakage was associated with the pressure elevations and occurred at the suture holes (Fig. 8 right) .
clinical Study
Postoperative subcutaneous CSF accumulation occurred in 1 patient (3.2%) who had a low-set conus associated with a spinal lipoma. However, conservative therapies, which included the aspiration of CSF and intravenous injections of factor XIII, improved the CSF accumulation. Intraoperatively, the spinal dura mater was very thin, and the edges of the dural incision were inadequately approximated. Unlike the procedure that utilizes sutures, approximating the dura mater with the nonpenetrating titanium clips tended to insufficiently verify the suture surface. Hence, there was a fundamental need for symmetrical dural wall eversion and approximation using additional corner stitches before clip placement. We did not encounter any other complications, for example, allergic reactions, adhesions, or infections.
illustrative case
A 46-year-old woman was admitted to the hospital with a 4-year history of numbness and weakness in her left lower extremity. Preoperative MR images of the thoracic spine revealed a large extramedullary tumor at the T-8 to T-9 level (Fig. 9A) . The tumor was located on the ventral side of the spinal cord. To obtain a workable surgical field, the left pedicle was partially removed without removing the ribs (Fig. 9B) , after which the tumor was removed. The dura was sutured with nonpenetrating titanium clips, which were covered with PGA mesh and fibrin glue. Postoperative MR images of the thoracic spine showed the absence of remnant tumor and radiographic artifacts around the nonpenetrating titanium clips (Fig. 9C) .
discussion
Postoperative CSF leakage is one of the major surgical complications associated with neurosurgery. Patients with persistent CSF leaks are at risk for meningitis, arachnoiditis, and pseudomeningocele. Hence, it is critical to prevent CSF leaks, particularly after surgery for spinal intradural lesions. When the dura mater is closed during spinal surgery, it must be meticulously sutured to avoid CSF leakage that can be caused by increased hydrostatic pressure in the spine or by the patient assuming an upright position. 4 However, primary dural closure is challenging when the dura mater is fragile and the operating field is too narrow and deep to allow proper stitching. Schematic drawings (a and b) and photograph (c) showing the approximated ePTFE sheet with nonpenetrating titanium clips covered with PGA mesh soaked in fibrin glue placed on the suture line (arrow in C). The sustainable pressure was measured using this mesh-and-glue technique. Fig. 6 . The mean water pressures that could be sustained without leakage were 16.7 ± 6.3 mm Hg in the ePTFE suture group and 252.0 ± 101.2 mm Hg in the nonpenetrating titanium clip group. A significant difference was apparent between the 2 groups, with the nonpenetrating titanium clip group showing a leakage pressure that was 1508% higher than that of the ePTFE suture group (p = 0.001).
Several authors have described their attempts to increase the sustainable pressure after dural closure in vitro, and they have used several sealing materials and methods. 4, 10, 14 The prevention of postoperative CSF leakage is very important not only in the spinal surgery field, but also following pituitary surgery. Several reports have described the prevention of CSF leakage after pituitary surgery. 18 Hida et al. described a nonsuture dural repair technique, which involved the use of a dura substitute composed of PGA mesh and fibrin glue. 4 An in vitro study showed that the mean threshold for water pressure without leakage was 161 ± 42 mm Hg. Yano et al. investigated the reaction speed and the strength of the bond between PGA mesh and fibrin glue in vitro in preparation for applying this combination to pituitary surgery. 18 The authors adhered PGA sheets to rabbit skin with fibrin glue within 3 minutes, and they found that this combination withstood a pressure of more than 220 mm Hg. In our study, the mean water pressure that could be retained without leakage in the presence of nonpenetrating titanium clips was 252.0 ± 101.2 mm Hg, which indicated a significantly better sealing effect in the titanium clip group than in the ePTFE suture group. Indeed, the leakage pressure of the nonpenetrating titanium clip group was 15.7 times greater than that of the ePTFE suture group. In contrast to Yano et al., we used an ePTFE sheet, which is a chemically derived material, to ensure the experiment was performed under constant conditions. However, the results from our current study are not inferior to those from the previous study.
The dura mater is thinner and more fragile in the spinal region than in the intracranial region. 13, 16, 17 The cranial dura mater is composed of 2 layers, namely, the periosteal and the meningeal layer. The orientation of the collagen fibers differs within each layer (Fig. 10) . Within the spinal column, the outer layer becomes the periosteum of the vertebral canal and the anterior and posterior atlantooccipital membranes, which are separated from the spinal dura mater. 17 Hence, the spinal dura mater is a single meningeal layer that encloses collagen fibers that are in the same orientation, and as a consequence of the longitudinal direction of the collagen fibers within the spinal dura mater, it tends to tear easily. It is well established that the physical characteristics of the human dura mater, for example, its tensile strength and resistance to tearing forces, depend on the orientation of the collagen fibers. 13 The spinal dura mater tears easily during suturing with surgical needles and threads. Moreover, the fluid leaked from the suture holes in our experiment. The ePTFE suture CV-5 was prepared with a needle/thread ratio of 1:1 to minimize needle-hole leakage during dural suturing. However, fluid leaks were observed in the suture holes (Fig. 11) . In contrast, the nonpenetrating titanium clips did not create needle holes during dural closure, and fluid leakage occurred along the suture line between the clips. Given the structure of the spinal dura mater, it is possible that dural lacerations are created next to the needle holes and that spinal fluid could leak from the needle holes and dural lacerations. Therefore, nonpenetrating titanium clips, which do not create any suture holes, are considered ideal for approximating the spinal dura mater while it is being sutured. Indeed, only 1 patient (3.2%) in our clinical series Fig. 7 . The mean water pressures that could be sustained without leakage using the nonpenetrating titanium clips and the meshand-glue technique, which involves an absorbable PGA mesh soaked with fibrin glue, were 297.5 ± 26.7, 279.0 ± 52.9, and 449.7 ± 65.4 mm Hg for 5 minutes, 30 minutes, and 12 hours, respectively. The differences between the leakage pressures at 5 minutes and 12 hours and at 30 minutes and 12 hours were statistically significant (p = 0.001 for both comparisons).
Fig. 8. Leakage patterns without coverings of fibrin glue and PGA. left:
The nonpenetrating titanium clips did not create suture holes, and fluid leakage was confirmed between the clips (arrow). right: In the ePTFE suture group, fluid leakage was associated with pressure elevations and occurred at the suture holes (arrows).
experienced a postoperative subcutaneous accumulation of CSF. Furthermore, when the nonpenetrating titanium clip suture line was sealed using the mesh-and-glue technique, the mean leakage pressure was 449.7 ± 65.4 mm Hg at 12 hours. The leakage pressure of the nonpenetrating titanium clip group was 1.8 times higher than that of the ePTFE suture group.
When we compared results from experiments that used the nonpenetrating titanium clips alone with those from experiments that used the nonpenetrating titanium clips in combination with the PGA mesh and fibrin glue, we found that the mean leakage pressures were 252.0 ± 101.2 and 449.7 ± 65.4 mm Hg, respectively. These findings indicate that using the nonpenetrating titanium clips with the fibrin glue and the absorbable PGA mesh could create a strong membrane, which would tolerate high pressures if it could be tightly attached to the surrounding structures. As in a previous study, 9 the mesh-and-glue technique was also useful for approximating the ePTFE sheet with the nonpenetrating titanium clips. Moreover, contrary to expectations, the MR images taken after surgery showed no mechanical artifacts caused by the nonpenetrating titanium clips used for dural closure. Hence, this clip is suitable for surgery involving the removal of intradural tumors.
Cost is one concern associated with the use of nonpenetrating titanium clips. However, reported benefits may offset the greater cost of these clips. In experimental studies, some authors have noted differences between nonpenetrating titanium clips and conventional sutures as regards the time taken to suture vascular walls, 1, 2, 7, 12, 19 and the mean vascular suturing time was significantly shorter when nonpenetrating titanium clips were applied, as compared with the time required to apply sutures. One study reported that nonpenetrating titanium clips saved up to 88% of the vascular suturing time compared with conventional sutures. Hence, using nonpenetrating titanium clips may shorten operative times.
Recently, minimally invasive procedures have been introduced to spinal surgery. We also perform lumbar discectomies using percutaneous endoscopic procedures in the narrow deep-seated surgical field. While we have experienced dural tears during these surgical procedures, we have not yet used nonpenetrating titanium clips. In the scope of our future research, nonpenetrating titanium clips have potential for use in narrow surgical fields, including in the anterior cervical approach, skull base surgery, and pituitary surgery. We consider the use of nonpenetrating titanium clips in these procedures as our next challenge.
There are limitations to this study. In the clinical context, additional factors, including the impact of the CSF pulse, continuous CSF flow during fibrin glue application, surrounding adipose tissue, collagen fibers of the spinal dura mater, and sudden variations in the intracranial pressure, must be considered. In the present study, however, we aimed to obtain fundamental information about the strength of nonpenetrating titanium clips before we accounted for these variations.
conclusions
The interrupted placement of nonpenetrating titanium clips enables dural closure without creating any holes. These clips facilitate improvements in the initial leakage pressure and reduce postoperative CSF leakage following spinal surgery. We conclude that it is very beneficial to suture the spinal dura mater with nonpenetrating titanium clips given the anatomical characteristics of the spinal dura mater and the fact that the clips do not create suture holes. . Scanning electron micrograph of nonpenetrating titanium clips applied to the ePTFE sheet at low magnification (upper left) and high magnification (lower left). The tip of the clip was fixed to the ePTFE sheet but had not penetrated the sheet, and no suture holes were apparent. The ePTFE suture (CV-5, needle/thread ratio 1.0) was used for dural closure, and scanning electron micrographs showed that the suture hole was almost filled with thread and that the gap between the thread and sheet was very small (upper and lower right). Original magnification ×50 (upper) and ×200 (lower).
